Elucidation of both the molecular composition and organization of the ocular lens is a prerequisite to understand its development, function, pathology, regenerative capacity, as well as to model lens development and disease using in vitro differentiation of pluripotent stem cells. Lens is comprised of the anterior lens epithelium and posterior lens fibers, which form the bulk of the lens. Lens fibers differentiate from lens epithelial cells through cell cycle exit-coupled differentiation that includes cellular elongation, accumulation of crystallins, cytoskeleton and membrane remodeling, and degradation of organelles within the central region of the lens. Here, we profiled spatiotemporal expression dynamics of both mRNAs and non-coding RNAs from microdissected mouse nascent lens epithelium and lens fibers at four developmental time points (embryonic [E] day 14.5, E16.5, E18.5, and P0.5) by RNA-seq. During this critical time window, multiple complex biosynthetic and catabolic processes generate the molecular and structural foundation for lens transparency. Throughout this developmental window, 3544 and 3518 genes show consistently and significantly greater expression in the nascent lens epithelium and fibers, respectively. Comprehensive data analysis confirmed major roles of FGF-MAPK, Wnt/β-catenin, PI3K/ AKT, TGF-β, and BMP signaling pathways and revealed significant novel contributions of mTOR, EIF2, EIF4, and p70S6K signaling in lens formation. Unbiased motif analysis within promoter regions of these genes with consistent expression changes between epithelium and fiber cells revealed an enrichment for both established (e.g. E2Fs, Etv5, Hsf4, c-Maf, MafG, MafK, N-Myc, and Pax6) transcription factors and a number of novel regulators of lens formation, such as Arntl2, Dmrta2, Stat5a, Stat5b, and Tulp3. In conclusion, the present RNA-seq data serves as a comprehensive reference resource for deciphering molecular principles of normal mammalian lens differentiation, mapping a full spectrum of signaling pathways and DNA-binding transcription factors operating in both lens compartments, and predicting novel pathways required to establish lens transparency.
Introduction
Ocular lens development represents an advantageous system to probe mechanisms of cell differentiation, cell remodeling, signaling, and transcriptional regulation, as positions of individual cells within the lens provide exact information about their differentiation status (Cvekl and Zhang, 2017; Lovicu and McAvoy, 2005; Piatigorsky, 1981) . Lens is of an ectodermal origin; lens development becomes visible as the thickening of the head surface ectoderm, the lens placode, at E9.5 of mouse embryonic development (Chow and Lang, 2001; Cvekl and Ashery-Padan, 2014; Lovicu and McAvoy, 2005) . Invagination of the lens placode leads to the formation of the lens pit in which the ectodermal sheet of cells is converted into a transitional 3D structure, the lens vesicle (mouse E11 stage), comprised of lens precursor cells. Lens vesicle is a polarized structure; its posterior cells exit the cell cycle and undergo terminal differentiation to become the primary lens fibers that elongate towards the anterior portion of the lens (E12.5-E14.5). In parallel, the anterior cells of the lens vesicle differentiate into the nascent single layered cuboidal lens epithelium. From E14.5, lens growth is driven by cell division within the lens epithelium compartment through the formation of secondary lens fibers that add new concentric outer cell layers while the primary lens fibers are pushed inward into the lens "nucleus" (Bassnett and Sikic, 2017) . Between E16.5-E18.5, the most inner lens fiber cells degrade their subcellular organelles, including the mitochondria, endoplasmic reticulum, Golgi apparatus, and nuclei, to form the organelle free zone (OFZ) (Bassnett, 2009 ). Lens fiber cell elongation extends the original lens length by a factor of 1000-fold (Audette et al., 2017; Bassnett and Costello, 2017) , while their cytoplasmic compartments accumulate crystallin proteins (Cvekl and Zhang, 2017) . The lens fibers form an elaborate cytoskeletal and membrane organization to support lens transparency (Beyer and Berthoud, 2014; Dahm et al., 2011; Mathias et al., 2010; Schey et al., 2017; Song et al., 2009; Wang et al., 2016) .
Although a number of important genes are known in the lens and their roles have been established (Graw, 2003; Hejtmancik et al., 2015) , very little is known about the global expression of genes in the lens epithelium and lens fiber cell compartments as the nascent lens epithelium matures and lens fiber cells undergo terminal differentiation, organelle degradation, and maturation (Bassnett, 2009; Lovicu and McAvoy, 2005; Martinez and de Iongh, 2010) . Previous longitudinal studies of lens transcriptomes typically employed whole lens (Kakrana et al., 2018) and microarrays, which were not suitable to quantify differences in mRNAs of highly expressed genes, such as crystallins (He et al., 2010 (He et al., , 2016 Pontoriero et al., 2008) . In contrast, RNA-seq platform provides a better quantification of gene expression (Wilhelm et al., 2008) , and the technique of lens micro-dissection to obtain epithelium and fibers makes it possible to quantify and compare spatial gene expression (Hoang et al., 2014; Sun et al., 2015a) . RNA expression profiling studies in other differentiation models have revealed that spatiotemporally co-regulated genes are often regulated by overlapping sets of DNA-binding transcription factors and common signaling pathways (Bolouri, 2014; Soon et al., 2013) . Computational tools have also been developed for unbiased analysis of cis-regulatory elements in the promoters and enhancers of co-regulated genes to predict cognate DNAbinding transcription factors (Bailey et al., 2009; Heinz et al., 2010) .
Lens differentiation is regulated coordinately by a number of DNAbinding transcription factors (e.g. c-Maf, FoxE3, Gata3, Hsf4, Pax6, Prox1, and Sox1) and multiple canonical extracellular signaling pathways (Cvekl and Zhang, 2017; Lovicu and McAvoy, 2005) . Amongst them, BMP and FGF signaling have been shown as the primary forces to regulate the cell cycle exit-coupled lens fiber cell differentiation program (Cvekl and Zhang, 2017; Griep, 2006) . A combined action of BMP and FGF signaling drives both primary (Jarrin et al., 2012) and secondary lens fiber cell differentiation (Boswell and Musil, 2015; Boswell et al., 2008) . Additional novel components were recently incorporated into these pathways, including connexin 50 (Gja8) and E3 ubiquitin ligase Skp2 (Shi et al., 2015) . It has been shown that FGF signaling regulates crystallin gene expression by three main TFs: c-Maf , Prox1 (Audette et al., 2016) , and Hsf4 (Hu and Mivechi, 2006) . Both the Maf promoter and the Cryaa enhancer/promoter are regulated by direct binding of c-Jun and Etv5 , known targets of FGF signaling in other systems (Brewer et al., 2016; Guillemot and Zimmer, 2011; Turner and Grose, 2010) . Expression of Mip (aquaporin 0) is also regulated by FGF signaling (Golestaneh et al., 2004) . From these and other studies, a number of gene regulatory networks (GRNs) of lens cell formation Cvekl and AsheryPadan, 2014) and crystallin gene expression (Cvekl and Zhang, 2017) have been constructed. Nevertheless, the full range and spectrum of lens differentiation-maturation processes and the underlying signaling pathways and TFs, especially at the level of nascent epithelium and fiber cell compartments, remain poorly understood.
Analysis of transcriptomes during lens differentiation, including gene loss-of-function studies, is a powerful method to reveal the dynamic molecular events of lens differentiation (Audette et al., 2016; Cavalheiro et al., 2017; He et al., 2010; Landgren et al., 2008; Shaham et al., 2013) . From E14.5, it is possible to microdissect lenses into the epithelium and fiber cell mass and evaluate terminal differentiation of both nascent lens compartments. In the present study, we analyzed the expression of both mRNAs and non-coding RNAs (ncRNAs) at E14.5, E16.5, E18.5, and in newborn (P0.5) mouse lens epithelium and fiber compartments. We found novel waves of processes linked to differentiation in both lens compartments, including dynamic changes in expression of established and new TFs. We also uncovered novel pathways and genes that control lens differentiation and tissue remodeling to support lens transparency. These data can be used for additional comparative studies with available chicken (Chauss et al., 2014) and human (Hawse et al., 2004 (Hawse et al., , 2005 and emerging lens transcriptome data from other model organisms, to enhance our understanding of lens development.
Materials and methods

Tissue samples and RNA isolation
Mouse lenses from E14.5, E16.5, E18.5 and P0.5 CD1 mice (Charles River Laboratories) were removed from eyes and dissected under the microscope into lens epithelium and lens fiber as described earlier (Hoang et al., 2014; Zelenka et al., 2009 ). Epithelial and fiber fractions from multiple embryos were pooled into three biological replicates for each time point. 10 P0.5 lenses, 15 E18.5 lenses, 30 E16.5 lenses, and 50 E14.5 lenses were used for each biological replicate. Total RNA was extracted using Trizol. The purified RNAs were then treated with DnaseI (DNA-free™ DNA Removal Kit, Cat: AM1906) and RNA integrity was checked by bioanalyzer. The RNA samples with RNA integrity number (RIN) > 8 were used for RNA-seq library preparation and sequencing.
RNA-seq library preparation and sequencing
We used KAPA RNA HyperPrep Kits with RiboErase (HMR) for RNAseq library preparation, according to the manufacturer's instructions. The qualities and quantities of RNA-seq libraries were checked by bioanalyzer and qPCR. Subsequently, RNA-seq libraries were sent for 100bp paired-end sequencing on an Illumina HiSeq 2500 instrument in the Einstein Epigenomics facility.
Quantitative RT-PCR validation
Total RNA extracted as described above (2.1) was reverse transcribed into cDNA with ProtoScript II reverse Transcriptase (NEB: M0368) with Random Hexamer, following manufacturer's instructions. The cDNA was diluted 5 × and qPCR was conducted with Applied Biosystems (ABI Foster City, CA) 7900HT qPCR system and Power SYBR green (Invitrogen: 4367659) in 384-well plates. Since all known genes often used as reference for comparing different samples showed spatiotemporally differential expression based on our RNA-seq data (see below), we used splicing factor 3b subunit 1 Sf3b1, a gene expressed at a constant level, as the reference gene for normalization across samples. Student t-test was performed to evaluate differential gene expression between epithelium and fiber at the same time point or between different time points of the same tissue. ANOVA was used to test differential gene expression between epithelium and fiber across all time points. Primers are listed in Supplementary Table S2 .
RNA-seq data analysis
RNA-seq reads were aligned to the mouse genome (mm10) using Tophat (version 2.0.13) (Trapnell et al., 2009) . The number of RNA-seq fragments mapped to each gene in the Refseq gene annotation (downloaded from the UCSC genome browser in 03/2017) was then counted using HTseq (version 0.6.1) (Anders et al., 2015) . The Cuffdiff (version 2.2.1) (Trapnell et al., 2010) in the cufflinks package was also used to generate the normalized gene-expression level, FPKMs. Coding/UTR/ intronic/intergenic rates and fragment size, were calculated by Picard for quality control (http://broadinstitute.github.io/picard). At the end, 12,611 genes were considered lens expressed, based on their mean FPKM ≥1 in any of the 8 sample groups (E14.5 epithelium, E14.5 fiber, E16.5 epithelium, E16.5 fiber, E18.5 epithelium, E18.5 fiber, P0.5 epithelium, P0.5 fiber), and selected for differential expression analysis and principle component analysis (PCA) by DESeq2 (Love et al., 2014) . The software DAVID (version 6.8) (Huang da et al., 2009 ) was used for Gene Ontology (GO) analysis of the differentially expressed genes (DEGs), with the 12,611 expressed genes as background. Ingenuity pathway analysis (IPA version 01-10) was used for canonical pathway analysis, with the ingenuity knowledge base (genes only) as background. For GO term analysis and mouse phenotype analysis of temporal gene clusters in lens epithelium and lens fiber, Toppgenes (Chen et al., 2007) was also used. The RNA-seq data have been deposited in the Gene Expression Omnibus (GEO; GSE113887).
Time course gene expression and transition pattern analysis
To model the temporal changes in gene expression, we first collected all the differentially expressed genes between transition time points in epithelium and fiber. Then the transitional changes of each gene were categorized into up (+1), down (−1) and constant (0) based on the fold change (FC) at the adjacent time points (Ranked by E16.5 VS E14.5, E18.5 VS E16.5, P0.5 VS E18.5). Theoretically, there are 3 3 = 27 possible groups of transition patterns.
Unbiased analysis of TF expression
To predict novel and spatiotemporally enriched TFs in lens epithelium and fiber, 1484 mouse TFs were downloaded from the AnimalTFDB 2.0 (Zhang et al., 2015) . The expression fold changes of these TFs in lens versus whole body (minus eye) comparisons were collected from the eye database iSyTE 2.0 (Kakrana et al., 2018) . To predict their potential involvement in regulating eye development, we scanned the 2 kb regions near the transcription start sites (TSS) of the DEGs with higher expression in either lens epithelium or lens fiber for enriched motifs using HOMER (v 4.7), with 2kb regions around TSS of all the genes as background (Heinz et al., 2010) . The corresponding motif logos were downloaded from either the JASPAR database (Sandelin et al., 2004) or the Ismara database (Balwierz et al., 2014) . Enriched GO terms and signaling pathways of sDEGs. The GO terms and signaling pathways were first divided into fiber and epithelium (Epi) enriched and then ranked by their adjusted p values. The blue color corresponds to either −log10(Benjamini) or -log10(FDR). The dot size corresponds to the number of genes in the GO term or signaling pathways. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 2.7. Predicting fractions of lens epithelium and fiber in whole lens gene expression data
Combining our RNA-seq data with the top lens enriched genes downloaded from the iSyTE 2.0, we selected 348 genes whose expression is lens enriched and is higher in either epithelium or fiber. We further excluded genes that are highly expressed in retina by comparing to retina RNA-seq data (GSE52006) to obtain a final list of 282 lens "signature genes", including 65 lens epithelium signature genes and 217 lens fiber signature genes (Supplementary File S5, S6). We next generated a simulation expression value (S, in FPKM) for each of the signature genes as, S = α * (FPKM in epithelium) + (1-α) * (FPKM in fiber), where α is the relative percentage of epithelium in whole lens. We then calculated the Spearman's correlation coefficient between the S and the observed expression value from whole lens for the 282 genes. The predicted percentage of epithelium is the α value that gives the highest correlation coefficient between simulation and observed data.
2.8. Co-expression analysis of ncRNAs and their adjacent genes ncRNAs were identified by the "NR" in the IDs of the Refseq annotation, and those exhibiting temporal differential expression were analyzed for co-expression with flanking coding or non-coding genes (< 100 kb separation on chromosomes by bedtools (v2.23.0)). Pearson's correlation coefficients across four time points were calculated for each pair of non-coding gene and its adjacent gene(s). The resulted p values were adjusted for multiple test correction by the Benjamini-Hochberg method. At the end, we considered pairs with adjusted p value < 0.05 and correlation coefficient > 0.7 or < −0.7 as significantly co-expressed.
Results and discussion
RNA-seq reveals profound differences between lens epithelium and fiber transcriptome
To analyze nascent lens epithelium and fiber cell differentiation, we microdissected E14.5, E16.5, E18.5 and P0.5 mouse lenses into epithelium and fiber compartments. We used RNA-seq to determine spatiotemporal gene expression profiles of lens development (Fig. 1A) . We obtained on average 30 million RNA-seq read pairs per sample (Supplementary Table S1 ). A total of 12,611 genes were found expressed in embryonic lenses (mean FPKM > 1 in any of the eight sample groups). Differential expression analysis by DESeq2 identified a total of 5805 genes with significant higher expression in lens epithelium and 5617 higher in lens fiber (adjusted p-value (padj) < 0.05 by Benjamini-Hochberg method) in at least one of the four stages. Among these spatially differentially expressed genes (sDEGs), 3544 and 3518 genes were expressed higher in epithelium and fiber consistently from E14.5 to P0.5, respectively (Fig. 1B) . This analysis quantitatively demonstrates marked differences in nascent lens epithelium and fiber cell transcriptomes and provides a data source to explain phenotypic differences between these two cell types at the molecular level.
To gain initial insights into function of these sDEGs, we conducted GO term analysis and uncovered how specific signaling pathways are employed in lens epithelium and lens fibers. GO analysis with DAVID (Huang da et al., 2009) revealed "translational initiation" as the top enriched GO term in lens fiber up-regulated genes, followed by "vesiclemediated transport", "oxidation-reduction process", "mitochondrial translation", "lipid metabolic process" and "autophagy". These findings are consistent with the known general processes implicated in fiber cell morphogenesis (Audette et al., 2017; McAvoy et al., 2017 ) (discussed below). The protein concentration in lens fibers reaches ∼450 mg/ml (Bassnett and Costello, 2017) ; the mobilization of components of the translational apparatus in the lens fibers is evident from the present data. The translational initiation process requires the participation of multiple eukaryotic translation initiation complexes (eIF1-eIF6) (Kong and Lasko, 2012) . Among the 54 eIF subunits expressed in lens, we noticed that 33 were expressed higher in fibers, including Eif3h, which was shown to regulate crystallin protein translation in zebrafish lens (Choudhuri et al., 2013) . In contrast, only 3 Eifs were expressed higher in epithelium. The enrichment of Eifs in fiber was significant (Fisher exact test, p = 1e-7), indicating higher translation activity in lens fiber cells. For genes expressed higher in nascent lens epithelium, five GO terms were notably enriched, including "multicellular organism development", "cell cycle", "cell adhesion", "signal transduction", and "DNA repair", which are highly related to lens morphogenesis (Fig. 1C) . It is also noteworthy that these terms are generally consistent with proliferating epithelia cell populations. Overall, this analysis shows that there are specific molecular processes uniquely employed by each of the two lens compartments.
Analysis of signaling pathways by IPA and their distribution also revealed pathways critical for the formation of lens epithelium and lens fibers (Fig. 1D ). Many canonical signaling pathways in lens development are enriched in both epithelium and fiber higher expressed genes, including "ERK/MAPK Signaling" (Lovicu and McAvoy, 2001 ), "BMP signaling pathway", "TGF-β signaling", and "HIPPO signaling" (Cvekl and Zhang, 2017) . In addition to these four pathways that are well established in lens development, the "NRF2-mediated oxidative stress response" term implicates redox-regulation in lens development, consistent with the formation of hypoxic conditions during lens embryogenesis (Baba et al., 2013) .
Multiple signaling pathways were enriched only in genes of higher expression in the fiber cell compartment, such as the translation initiation associated signaling pathways including "Eif2 signaling", "Regulation of eIF4 and p70S6K signaling", and "mTOR Signaling," consistent with the eIFs enrichment in lens fiber cells described above (Fig. 1D ). Epithelium up-regulated genes were enriched in "Cell Cycle Control of Chromosomal Replication", "RAR Activation", "Notch Signaling", and "Wnt/β-catenin Signaling". These findings are consistent with both established (Bassnett and Sikic, 2017; Cvekl and Wang, 2009; Fujimura, 2016) and emerging (Mesa et al., 2016) themes in lens epithelial biology. Interestingly, we observed that genes expressed higher in lens fibers were enriched in "Protein Ubiquitination Pathway" but genes expressed higher in epithelium were enriched in "Sumoylation Pathway" (Fig. 1D ), suggesting that different protein posttranslational modifications are preferentially used during early and more advanced stages of lens development.
To validate the RNA-seq findings, qRT-PCR analysis of the mRNAs from 12 genes encoding Eif3k, Mtor, Plekhm1, Bnip3, Pax6, Tulp3, Stat5a, Sumo1, Sumo3, Sae1, Uba2, and Kcnq1ot1, was conducted using independent cDNA preparations and Sf3b1 was used for data normalization. The results (Fig. 2) confirmed overall the observed difference in RNA-seq data, and these genes are discussed below.
Global temporal transcriptome dynamics in lens development
The temporally differentially expressed genes (tDEGs) between transition time points (E16.5 vs E14.5; E18.5 vs E16.5; P0.5 vs E18.5) were analyzed separately in epithelium and fiber using the DESeq2 (Fig. 2S A) . A total of 4324 and 2923 genes (Fig. 3A) exhibited significant change (padj < 0.05) in epithelium and fiber, respectively. These tDEGs could be classified into 23 and 25 clusters in epithelium and fiber, respectively (Fig. 3A) , which revealed for the first time several waves of gene expression during nascent lens epithelium and fiber differentiation (Supplementary Tables S3 and S4) .
As expected, compared to gene groups with expression changes in earlier stages (E16.5 vs E14.5, E18.5 vs E16.5), P0.5 vs E18.5 group had the fewest tDEGs (Fig. 2S ). Using IPA, we found that signaling pathways "Oxidative Phosphorylation" and "Mitochondrial Dysfunction" were only enriched in genes with increased expression in lens fiber from E14.5 to P0.5, while "Sumoylation pathway" and "Notch Signaling"
were only enriched in genes with significant temporal expression changes in epithelium. In addition, the canonical signaling pathways shared by epithelium and fiber were highlighted in the groups of genes with increased expression in both lens epithelium and fiber from E16.5 to E18.5, such as "FGF Signaling", 'BMP Signaling', 'TGF-beta Signaling', and 'RAR Signaling'. Interestingly, 'P70S6K Signaling', 'EIF2 Signaling', 'PI3K/AKT Signaling', 'mTOR Signaling', 'Protein Ubiquitination Pathway', 'Cholesterol Biosynthesis I' and 'Glycolysis I' were enriched in genes with decreased expression in lens epithelium but increased expression in lens fiber, indicating their distinct roles in epithelium and fibers during lens morphogenesis.
Classification analysis of genes based on their expression patterns
To test our hypothesis that co-regulated genes encode proteins that function within specific cell signaling pathways, we examined genes of individual clusters identified in Fig. 3A . Using ToppGenes (Chen et al., 2007) and IPA, we examined the functions of each cluster for enriched GO terms, mouse phenotypes, and signaling pathways. GO term analysis highlighted two fiber clusters, cluster 4 (622 genes) and 17 (492 genes), which showed unique enrichment in the GO term "oxidationreduction process" (Fig. 3B) . Notably, the fiber cluster 4 is the only cluster showing enrichment in the "autophagy" GO term (Fig. 3B) . Combining GO terms and mouse phenotypes, we found 3 interesting Fig. 2 . Quantitative RT-PCR validation of 12 differentially expressed mRNAs. The barplots show the relative expression of the 12 genes normalized to the Sf3b1 in 8 samples. 3 biological replicates were used for each sample, except that 2 biological replicates were used for P1 Epi in some genes. "*" and "**" indicate p values (ttest) < 0.05 and < 0.01, respectively. Except for Plekhm1 and Sumo1, all other genes were also significantly differentially expressed between epithelium and fiber across all time points by ANOVA tests.
clusters, the epithelium cluster 13 (96 genes), fiber cluster 11 (58 genes) and 17 (492 genes), as they were enriched in the GO terms of "lens development in camera-type eye" and "abnormal lens morphology" in mouse phenotype. We also noticed that the epitheliumspecific clusters 13 (96 genes) and 23 (51 genes) were enriched in "ruptured lens capsule" and "anterior polar cataracts". In addition, the fiber clusters 11 and 17 were enriched in the "nuclear cataracts" and "abnormal lens fiber morphology". The epithelium cluster 23 (+1, +1, +1, see Materials and methods), fiber cluster 11 (+1, +1, +1), and fiber cluster 17 (+1, +1, 0) genes showed significantly and continually increased expression in lens epithelium or fiber during lens development (Fig. 3A) .
To explore the roles of canonical signaling pathways in lens differentiation (Cvekl and Zhang, 2017) , we performed IPA signaling pathway analysis and found that the epithelium cluster 9 (620 genes), and both the fiber clusters 4 (622 genes) and 17 (492 genes) were highly enriched in "Regulation of eIF4 and p70S6K Signaling", "EIF2 Signaling" and "mTOR signaling" (Fig. 4A) . The epithelium cluster 9 (0, −1, 0) genes showed higher expression in earlier lens development E14.5, E16.5 compared to E18.5 and P0.5 stages. In contrast, the fiber clusters 4 (0, +1, 0) and 17 (+1, +1, 0) genes had higher expression in E18.5 and P0.5 than E14.5, E16.5 (Fig. 4B) . These data suggest that specific processes are activated during the initial (E14.5-E16.5) stages of nascent lens epithelium differentiation. Likewise, the expression of genes within the fiber clusters 4 and 17 indicates that fiber cell differentiation-maturation processes occur through the entire time window E14.5-P0.5 analyzed here (Fig. 4B) . The increasing trend of expression from E16 to E18 in the fiber cluster 4 (including Eif3k, and Bnip3) was validated by RT-qPCR as shown in Fig. 2 . These findings suggest that more novel processes can be learnt from additional indepth analyses.
Novel mTOR signaling co-expression networks in lens epithelium and fiber
Mtor (differential expression validated in Fig. 2) belongs to a family of phosphatidylinositol kinase-related kinases that regulate metabolism and cell growth (Saxton and Sabatini, 2017) . To further elaborate on processes both up-and down-stream of Mtor, we focused here on protein translation, mTOR signaling, autophagy, and mitophagy. Although mTOR signaling was shown to play multiple roles in lens epithelial cell proliferation and migration (Boswell et al., 2017; Qin et al., 2017; Zhang et al., 2016) and rapamycin was reported to induce age onset cataracts in mouse (Wilkinson et al., 2012) , the molecular players in lens have not been clearly described, even in previous RNA-seq analyses (Hoang et al., 2014; Khan et al., 2015) . Here, we found that mTOR signaling was enriched in genes expressed higher in lens fibers (Fig. 1C) . In the temporal gene clusters, we further identified that the epithelium cluster 9 and the fiber clusters 4 and 17 were enriched in mTOR signaling (Fig. 4A ). Among these three clusters enriched in mTOR signaling, only the fiber cluster 4 showed additional enrichment of closely related terms, including "Phagosome Maturation" and "FGF signaling".
When we used the STRING database to define the function interactions of genes in the temporal clusters, including protein-protein interactions and indirect functional associations, we found that in epithelium, mTOR was linked to "mRNA surveillance", "Ribosome", "PI3K Akt signaling", and "Steroid biosynthesis" (Fig. 5A) , while in fiber the mTOR signaling was linked to "Oxidative phosphorylation", "PI3K Akt signaling", "Ribosome", "Protein processing in ER", "proteasome" and "Hippo signaling" (Fig. 5B and C) , suggesting distinct functions of these pathways in the two lens compartments.
Autophagy remains a poorly understood biological process within the lens fibers (Boya et al., 2016; Morishita and Mizushima, 2016) . Our data revealed that the activation of this process in lens fiber cells starts from E16.5, consistent with the pattern seen in the fiber cluster 4 (0, +1, 0) (Fig. 3A) . mTOR signaling controlled by MAPKs has been previously reported to regulate autophagy in chick lens fibers . The inhibition of mTORC1 induces premature autophagy in lens fiber cells . However, the key players connecting mTOR to autophagy in lens remain unclear. We thus collected and examined mTOR signaling-related autophagy genes based on literature report (Fig. 6A) . Among all the 30 expressed mTOR signaling-related autophagy genes, only Rptor and Mapk8 showed significantly decreased expression in lens fiber during development, suggesting their possible functions in mTORC1 inhibition (Fig. 6B) . Downstream of mTORC1, although the majority of autophagy genes showed significant enrichment in lens fibers, Plekhm1 was found expressed higher in lens epithelium at E14.5 and only expressed higher in lens fibers from E18.5 to P0.5 (Figs. 2 and 6A ). Previous study showed that Plekhm1 worked as a scaffold protein for both homotypic fusion and protein sorting (HOPS)-tethering (HOPS) complex and Atg family proteins (McEwan et al., 2015) . Similarly, knockout of Plekhm1 impeded mTORC1 inhibition that induced autophagy (McEwan et al., 2015) . Taken together, Plekhm1 had spatially distinct expression patterns while Rptor and Mapk8 showed distinct temporal expression patterns in lens development, suggesting they might have distinct functions in modulating autophagy processes in the lens.
Although mTOR-regulated mitophagy was reported in lens, the mechanisms remain to be clarified . There are two mitophagy pathways: one mediated by Bnip3l/Nix and the other by Parkin. In the fiber cluster 4, we noticed that Mtor was co-expressed with genes in the former pathway, including Bnip3 (Fig. 2) , Nix/Bnip3l, and Map1lc3b, while the genes in the latter (Pink1, Park2, Ulk1, Mfn1, and Mfn2) were not temporally differentially expressed in lens fiber ( Fig. 6C and D) . Together, these results indicate Mtor might regulate mitophagy process in lens through Nix signaling pathway (Brennan et al., 2018) . Interestingly, our data for the first time showed there was a strong enrichment of 'Translation Initiation' GO term and 'Regulation of eiF4 and p70S6K signaling', 'EIF2 Signaling' signaling pathways in genes with higher expression in fiber. Although a recent study has shown that Eif3h regulated translational initiation of crystallin genes in zebrafish (Choudhuri et al., 2013) , the potential mechanisms remain unclear in mouse lens. Importantly, mTOR signaling pathway also showed coenrichment with translational initiation pathways in fiber enriched genes (Fig. 1C) , tDEGs with decreased expression from E16.5 to E18.5 in epithelium and increased expression from E14.5 to E18.5 in fiber (Fig. 2S B) , lens epithelium cluster 9, fiber cluster 4 and cluster 17 (Fig. 4A) . Although Mtor was co-expressed with many Eifs in epithelium cluster 9, only Eif3h, Eif3k (Fig. 2) were found co-expressed with Mtor in the fiber cluster 4. As previously reported in cancer cells (Mamane et al., 2006) , Mtor could induce phosphorylation of p70S6K, Eif4ebp1 and cause their dissociation from Eif3 and Eif4e respectively, inducing the translation initiation (Fig. 6A) .
Taken together, our analysis for the first time reveals a distinct Fig. 4 . Selected tDEG clusters and enriched signaling pathways. A. Enriched signaling pathways for each temporal cluster, annotated as Fig. 3B . B. The expression profiles of genes in epithelium cluster 9, fiber cluster 4 and fiber cluster 17. Each line represents a gene. The log2(FoldChange) was calculated against the mean FPKM of E14.5.
mTOR signaling related network in lens epithelium and fiber and broadens the roles of mTOR signaling in lens development by uncovering the dynamic spatiotemporal expression patterns of the component genes. Importantly, these studies propose testable hypotheses to examine how Mtor controls protein abundance through modulating translational initiation processes in lens.
Identification and analysis of novel lens epithelium and fiber specific TFs
The mammalian genome encode ∼1800 TFs that play critical regulatory roles in development and proper function of the organism (Vaquerizas et al., 2009 ). Lens development is an advantageous system to understand the interplay between signaling pathways and transcription factors (Cvekl and Zhang, 2017) ; nevertheless, the full account of lens-preferred TFs remains to be established. To address this issue, TFs with expression enrichment in lens versus whole body without the eye was recently explored using the iSyTE 2.0 platform (Kakrana et al., 2018) . To extend the study, here we analyzed the TFs in the AnimalTFDB (Zhang et al., 2015) and iSyTE 2.0 database. Among the 1400 TFs expressed in lens (mean FPKM > 1 in any group), 305 TFs (291 listed in iSyTE 2.0) showed higher expression in the epithelium and 135 TFs (123 listed in iSyTE 2.0) higher in lens fibers (Fig. 7) . Comparing the lens enrichment in E12.5 embryo (lens vs whole body) with the fold change of lens epithelium versus fiber in E14.5 lens, we obtained a list of TFs with high expression in lens and significantly differential expression between lens epithelium and lens fiber (23 out of 123 fiber TFs and 12 out of 291 epithelium TFs) (Fig. 7) . Specific transcription factors critical to lens development, such as Prox1 (Audette et al., 2016) , Sox1 (Nishiguchi et al., 1998) , Pax6 (Fig. 2) (Sun et al., 2015b (Sun et al., , 2016 were lens enriched (FC > 8) but they showed relatively small difference (FC < 3) between epithelium and fiber. Interestingly, AP-2α (Tfap2a) (Pontoriero et al., 2008) showed a big change (FC > 8) between lens epithelium and fiber but it was not so enriched in lens (FC < 3). As expected from E14.5, Foxe3 (Medina- Martinez et al., 2005) , Hsf4 (Fujimoto et al., 2004) , and Maf (Narumi et al., 2014; Ring et al., 2000; Xie et al., 2016) were found to be both lens enriched and differentially expressed between lens epithelium and fiber. Based on the patterns for these known important lens TFs, the present analysis suggests that Dmrta2, Myb, Pbx2, Tulp3 (Fig. 2) , and Zfp316 would be excellent novel candidates for regulating early stages of lens formation, while Arid3b, Arntl2, Atf5, Bach2, Carhsp1, Hmg20b, Stat5a (Fig. 2) , Stat5b, Tox2, Zfp40, Zfp568, and Zhx2 are predicted to regulate lens fiber cell differentiation (Fig. 7) . Stat5a/b would be particularly good candidates to follow up because the JAK-STAT signaling in lens (Ebong et al., 2004; Potts et al., 1998) remains poorly understood and it may also be involved in lens induction (Lleras-Forero et al., 2013) .
To test the hypothesis that transcription factors with epithelium or fiber-enriched expression can regulate expression of sDEGs, we conducted an unbiased analysis of the promoter regions (-2 kb to +2 kb of the TSS) of the sDEGs for enriched TF binding motifs, employing Homer software (Heinz et al., 2010) . We performed this analysis for the genes with consistently higher expression in lens epithelium (n = 3,544, sDEGs up-regulated in lens epithelium) or fiber (n = 3,518, sDEGs upregulated in lens fiber). The analysis revealed a set of common DNA motifs enriched in both groups of genes (Fig. 8) . The analysis demonstrated that the E2F motif (rank #1) is most significantly enriched in the group of genes up-regulated in lens epithelium (Fig. 8A) . Consistent with these findings, mRNAs encoding E2F family genes (E2f2, E2f3, E2f4, E2f7, and E2f8) were more abundant in epithelium than in lens fibers from E14.5 to P0.5 stages. The E2F family members are critical regulators of G1/S cell cycle progression (Benavente and Dyer, 2015; Hallstrom and Nevins, 2009) , so this result is consistent with the sustained proliferative activity within the embryonic lens epithelium. Moreover, earlier functional studies of E2F family members have demonstrated their roles in lens formation (Chen et al., 2000; Chong et al., 2009; Hyde and Griep, 2002; Wenzel et al., 2011) .
Additional 14 TF motifs are also worth mentioning (Fig. 8A , rank #2 to 15). The rank #2 sequence is annotated as an E2F7-binding site, but a close inspection found that they resemble Pax6-binding sites (Sun et al., 2015b; Xie and Cvekl, 2011) . The sequences ranked #3, 4, 5, 7 are annotated as binding sites for the E2F family; nevertheless motifs #3 and 5 also resemble prototypic Ets and Smad1/5 binding sites, respectively. Motifs #8,9,10 are annotated as Sox-binding sites and Sox1, Sox2, and Sox11 are important regulators of lens differentiation (Cvekl and Zhang, 2017; Kondoh et al., 2004) . We propose that motif #11 resembles FoxD1-binding site (not shown, from ISMARA database). Although the binding sites of FoxE3 remain unknown (Blixt et al., 2000; Medina-Martinez et al., 2005) , overall similarities between both FoxE3 and FoxD1 DNA-binding domains (Hannenhalli and Kaestner, 2009; Nakagawa et al., 2013) raise the possibility that motif #11 may be recognized by highly abundant FoxE3 in the lens epithelium . Motif #13 is annotated as Sp1-binding site and Sp1 proteins are also studied in lens in context of sumoylation (see below, A. The epithelium cluster 9 genes link mTOR signaling to 7 pathways. B. The fiber cell cluster 4 genes link Mtor to 6 pathways. C. The fiber cluster 17 genes show interactions of 7 signaling pathways. The filling color indicates the maximum FPKM of the genes of all time points in either epithelium or fiber. The red circle indicates fiber higher expressed genes. The blue circle indicates epithelium higher expressed genes. The grey circle indicates non-differentially expressed genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) section 3.7). Motif #14 is annotated as a Tcfl2-binding site and its cognate factor (Tcfl2/Tcf4/Tcf7l2) is a component of Wnt/β-catenin signaling and up-regulates c-Myc expression outside of the lens (Muncan et al., 2006; Shah et al., 2015) . Expression of c-Myc is needed for lens epithelial cell proliferation (Cavalheiro et al., 2014) . Finally, motif #15 is annotated as TEAD2-binding site and also includes the "core" sequence 5′-GGA(A/T)-3′ recognized by Ets factors. TEADs are components of Hippo-Yap signaling that also control lens epithelial proliferation (Porazinski et al., 2015; Song et al., 2014; Zhang et al., 2010) .
For lens fiber enriched genes, the two most enriched motifs are binding site for YY1 and 10 bp long GC-repeat (Fig. 8B) . The YY1 sites and GC-repeats are commonly found in many promoters (Deaton and Bird, 2011; Juven-Gershon and Kadonaga, 2010) . Alternatively, the motif #1 weakly resembles Kozak consensus sequence including the ATG triplet (Kozak, 1987) , a sequence expected to be frequently found in the +2 kb regions from TSSs. Motif #3 is a direct tandem repeat of the retinoic acid (RA) responsive element (RARE). RA signaling plays multiple roles in lens morphogenesis (Cvekl and Wang, 2009 ).
Interestingly, all three RAR family genes (Rara, Rarb, and Rarg) are abundantly expressed in the lens epithelium and RARβ/RXRβ heterodimers were implicated in transcriptional regulation of the epithelialpreferred αB-crystallin (Gopal-Srivastava et al., 1998) . Motif #4 represents Sp1-binding site and potentially a variant of Smad3-binding site. Motifs #5,6,7,9 are annotated as Ets-binding sites. Etv5 is abundant in lens fibers (Fig. 7) and regulates both Maf and Cryaa gene expression . In contrast, our data shows that additional Etv family genes (Etv1/ER81, Etv3, and Etv6) are preferentially expressed in the lens epithelium. Motif #6 also contains a 5′-TTCNNGAA-3′ heat shock element (HSE) motif that is recognized by lens-specific Hsf4 (Fujimoto et al., 2004 (Fujimoto et al., , 2008 Somasundaram and Bhat, 2004) and Hsf1 and Hsf2 Bhat, 2000, 2004) . The 20 bp long motif #8 is annotated as Golgi associated olfactory signaling regulator (Gfy)-binding site; however, this sequence can be also aligned with NF-κB, Prox1, and Etv-binding sites. Motifs #10,12 and 14 are annotated as Rfx5, Rfx, and Rfx1 binding sites. There is no data regarding function of this family of winged helix DNA-binding domain transcription factors in lens. Motif #14 can be also aligned with Smad and Pou2f1/Oct-1 Fig. 6 . Network analysis for mTOR associated autophagy, translational initiation, and mitophagy. A. mTOR signaling network of autophagy and translational initiation curated from literature. The red color indicates genes with higher expression in fiber at E14.5. The blue color indicates genes with higher expression in epithelium at E14.5. The grey color indicates genes that are non-significantly differentially expressed in epithelium and fiber at E14.5. B. The expression profiles of autophagy genes from mTOR network in fiber development. Each line represents a gene. The grey color indicates genes that are not temporally differentially expressed. The fold change was calculated against the mean FPKM of E14.5. C. The expression profiles of Bnip3 mitophagy signaling associated genes and Mtor in fiber development. D. The expression profile of Park2 mitophagy signaling associated genes and Mtor in fiber development. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) binding sites. Oct-1 regulates lens development and expression of Pax6 (Donner et al., 2007) . Motif #11 is a canonical E-box (5′-CANNTG-3′) that can be bound by N-Myc in lens fibers (Cavalheiro et al., 2017) as well as by multiple members of USF family of bHLH transcription factors. USF binds the chicken αA-and δ1-crystallin promoter and enhancers, respectively (Cvekl et al., 1994 (Cvekl et al., , 1995 . In addition, this sequence can be also aligned with Hif1α-binding site, 5′-ACGTG(C/G)-3′ (Kushida et al., 2016) . The Hif1a gene is essential for lens morphogenesis (Chen et al., 2008; Shui and Beebe, 2008) . Motif #13 is annotated as MafK-binding site and MafG/MafK complex regulates multiple processes including sterol synthesis in the lens (Agrawal et al., 2015) . In addition, this site also resembles c-Maf binding site and loss-of-function studies of this transcription factor demonstrated its critical role for crystallin gene expression program (Cvekl and Zhang, 2017) . Finally, motif #15 is annotated as the NRF/NKRF-binding site. The NF-κB repressing factor (NKRF) acts as a stress-regulated switch implicated in ribosomal processing and nucleolar homeostasis surveillance (Coccia et al., 2017) . It also contains an imperfect E-box (see above). Taken together, analysis of the top 30 enriched motifs at the promoters of sDEGs confirms the known roles of well-characterized TFs in lens development, but also suggests novel ones for future functional and genetic studies.
3.6. Using our RNA-seq data for inferring potential change in epithelium and fiber cells in mouse lens with specific gene knockout There are a number of opportunities to illustrate how the present RNA-seq data can help understand the functions of genes in lens development. For example, multiple RNA-seq and microarray experiments were conducted to analyze mouse lens with specific gene knockouts, including Pax6 in E14.5 lens (Shaham et al., 2013) , Prox1 in E13.5 lens (Audette et al., 2016) , Mycn in E14.5 lens (Cavalheiro et al., 2017) , and Zeb2/Sip1 (Manthey et al., 2014) and β1-integrin/Itgb1 (Wang et al., 2017) in E15.5 lenses. As a range of defects were found in these published studies, we demonstrate here how the present RNA-seq data can be integrated with the published ones to investigate the mechanisms by which inactivation of these regulatory genes could lead to potential abnormal ratios of epithelium to fiber cell population in developing lenses.
Starting from the Prox1 RNA-seq data, we found that 509 of the original DEGs from Prox1 KO vs WT comparison were expressed in our analysis (Fig. 5S) . Among them, 179 (35%) were up-regulated and 330 down-regulated in Prox1 −/− lenses. Interestingly, we found that the majority (125 genes, 70%) of the up-regulated genes after Prox1 knockout were expressed higher in the E14.5 epithelium, while the majority (311 genes, 94%) of the down-regulated genes were expressed higher in E14.5 fiber cells. This difference is highly significant (pvalue < 2.2e-16 by Fisher exact test). Notably, 82% of up-and 67% of down-regulated genes in Prox1 −/− lenses were tDEGs in lens development (Fig. 5S) . Most of the up-regulated genes were enriched in epithelium clusters 5 and 6, which highlighted the function in neuron development in agreement with Prox1 roles in neural retina (Dyer, 2003) and central nervous system development (Bunk et al., 2016; Karalay et al., 2011) . Conversely, lens Prox1 −/− down-regulated genes were enriched in fiber clusters 4, 5, 11, 17, and 20 which highlighted RNA processing, RNA stability, cell cycle, oxidative reduction, programmed cell death, mitochondrial electron transport, and lens development. In addition, through inspection of multiple earlier microarrays and RNA-seq data sets, we found differentially expressed genes of TFs knockout mice versus wild type mice (including Prox1, Mycn, Pax6, and Sip1) were significantly enriched in genes with consistently higher expression in lens epithelium/fiber (Fig. 5S ). These findings suggest that the ratios of fiber to epithelium cells in those mutant lenses are significantly different from that of the WT. To further explore this more quantitatively, we selected 282 lens signature genes that were significantly enriched in either lens epithelium (n = 65) or fiber (n = 217) (Supplementary file S5, 6). We first tested whether the signature genes can predict percentage of lens epithelium and fiber by simulation (see Materials and Methods). Using Spearman's correlation to select the best matching samples, we showed that our lens epithelium and fiber RNA-seq samples were most similar to the simulation data with either 100% epithelium or 100% fiber cells, as expected (Fig. 6S) . We next tested whether these lens signature genes could be used to infer the percentage of lens epithelium and fiber in the whole lens expression data published previously (Khan et al., 2015) . The result indicated that data from both E15 and E18 whole lenses had the highest correlation with simulation data composed of 50-60% of lens epithelium, while data from P1, P3, P6 and P9 whole lens had the highest correlation with simulation data with 40% of lens epithelium (Fig. 6S) . These findings support that our simulation methods can be used to predict the ratio of lens epithelium to fiber cells in whole lenses that are used to collect gene expression data.
We thus applied this method to evaluate the cell population difference between the gene knockout lens and the wild type lens. For the Prox1 −/− data, the percentage of lens epithelium detected was changed from 40% to 90% following Prox1 inactivation (Fig. 9A ), fully consistent with the observed phenotype that Prox1 −/− lens only had a vesicle without any elongated fiber cells (Audette et al., 2016) . While in the Mycn −/-lens, we found that the percentage of epithelium was increased from 40% to 60% in Mycn −/-lenses (Fig. 9B) . Similarly, we found a change of epithelium from 40% to 50% and from 40% to 30% in Sip1 and β1-integrin knockout lenses (Fig. 9 C, D) , respectively. These results indicate that applications of our lens epithelium and fiber RNAseq data set can help predict the percentages of lens epithelial and fiber cells from whole lens RNA-seq samples, reveal differentiation defects and thus provide insight into the effect of gene knockout in mouse lens development especially when mutated lenses are grossly malformed. 3.7. Exploration of sumoylation as a possible mechanism of transcriptionindependent activation of specific transcription factors in lens development A number of TFs are regulated by sumoylation (Rosonina et al., 2017) . We found that the expression of sumoylation pathway in lens was both spatially and temporally regulated: spatially enriched in lens epithelium (Fig. 1A) , temporally enriched in the tDEGs with decreased expression in lens epithelium from E14.5 to E16.5, (Fig. 2S) , and specifically enriched in the epithelium cluster 1 (Fig. 4A) . Consistent with earlier reports (Gong et al., 2014) , Sumo1 mRNA expression was detected in both epithelium and fibers (Fig. 2) , while Sumo3 was expressed higher in lens epithelium throughout lens development (Figs. 2 and 10A) . Surprisingly, Sumo2 mRNA was very low in lens (Fig. 10B) . Although the Sumo1/3 and sumoylation conjugating enzyme E2 Ube2i were stably expressed throughout development, the expression levels of the sumoylation activating enzymes, Sae1, Uba2, were decreased in lens epithelium (Figs. 2 and 10B ), supporting the previous finding that both Sumo1 and Sumo3 conjugates were decreased in lens development (Gong et al., 2014) .
Sumoylation of Sp1 and Pax6 were reported previously (Gong et al., 2014; Yan et al., 2010) and both of these proteins are among the most abundant TFs in the lens epithelium . Interestingly, Fig. 8 . Motif analysis for the lens epithelium or fiber higher expressed genes. The analysis included 4013 and 3935 of promoter regions ( ± 2 kb of the TSSs) from sDEGs in the lens epithelium and lens fibers, respectively.
Y. Zhao et al. Experimental Eye Research 175 (2018) [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] we observed an enrichment of Sp1 motif genes up regulated in lens fiber, but Sp1 mRNA was more abundant in epithelium (Fig. 10B ). This may be explained by the possibility that Sumo1 modification leads to activation of Sp1 in lens fiber while Sumo3 modification causes its inhibition in lens epithelium. Interestingly, Pax6 Sumo1 sumoylation caused activation of Pax6 in lens (Yan et al., 2010) . Additionally, sumoylation of both c-Maf and Prox1 were reported (Li et al., 2012) in lens and c-Jun and Fos sumoylation (Bossis et al., 2005) were also reported in Hela cells. Based on these findings, we propose a model of sumoylation mechanisms in lens development (Fig. 10A) , in which Sumo3 modification in lens epithelium mediates the inhibitory roles of some TFs, while Sumo1 modification in both lens epithelium and fiber induces the activation of TFs to regulate embryonic lens development.
3.8. Identification of lens ncRNAs and their potential roles in regulating adjacent genes ncRNAs represent pleiotropic regulators of gene expression, including subnuclear organization, enhancer activation, post-transcriptional regulation, and allosteric regulation of proteins (Geisler and Coller, 2013) . Systematic analysis of ncRNAs and their roles during lens development remains in infancy (Hoang et al., 2014; Wolf et al., 2013 ).
Here we found a total of 675 (5.3% of 12,611) ncRNAs expressed in the mouse lens (Fig. 11A) . Among them, 75 were expressed significantly and consistently higher in epithelium and 112 higher in lens fibers. Some of the most expressed long ncRNAs (lncRNAs) in lens were enriched in cataract tissue obtained from age-related cataracts patients, including Tug1 (Li et al., 2017) , and Miat (Shen et al., 2016) (Fig. 11B) . The functions of these highly expressed ncRNAs, such as Firre, Rmrp, Sox2ot (negative regulator of Sox2 (Amaral et al., 2009; Messemaker et al., 2018) ,), Neat1 (lncNeat1 binds active chromatin sites, (West et al., 2014) , and is regulated by p53 (Adriaens et al., 2016) ), Gas5, Six3os1 (regulatory ncRNA of Six3, (Rapicavoli et al., 2011) , Rmst (regulates neurogenesis together with Sox2, (Ng et al., 2013) , and Gm5607 (Sox1ot, co-expressed with Sox1), remain elusive.
It was reported previously that many ncRNAs regulated nearby targets on the chromosome, such as Paupar lncRNA and Pax6 (Vance et al., 2014) and Sox2ot lncRNA and Sox2 (Messemaker et al., 2018) . Here, we found 220 (128 in epithelium and 92 in fiber) temporally differentially expressed ncRNAs during lens development. Among them, 95 were significantly and positively co-expressed with their nearby genes (correlation coefficient > 0.7 and padj < 0.05), including transcription factors, lens structural genes and other non-coding genes, such as Sox2ot with Sox2, 2610307P16Rik/CASC15 with Sox4, and Paupar with Pax6 (Fig. 11C) . Interestingly, we also noticed that the majority of such pairs of ncRNA (62 out of 95) and their nearby genes were coexpressed in a spatial specific manner during lens development. For example, Paupar lncRNA was only co-expressed with Pax6 in lens epithelium, while Six3os1 lncRNA and Six3 were only co-expressed in lens fiber cells. In contrast to the positive co-expression pattern, we also found 48 pairs of negatively co-expressed genes (r < −0.7 and padj < 0.05). Notably, both Cryba4 and Crybb1 mRNAs were significantly and negatively co-expressed with the adjacent Miat lncRNA (padj < 0.01). Miat was reported previously as an age-onset cataract enriched lncRNA and could modulate the proliferation, apoptosis and migration of human lens epithelial cells (Shen et al., 2016) . Also, MiatCryba4-Crybb1 duplication has been detected in patients with congenital cataracts (Siggs et al., 2017) . We found that Miat lncRNA was particularly higher expressed in lens fiber cells (Fig. 7S) . Temporally, Miat was detected as the only non-coding RNA with decreasing expression in fiber cells as they mature (Fig. 7S) . In contrast to down regulation of Miat, the expression of adjacent Cryba4 and Crybb1 continually increased from E14.5 to P0.5 (Fig. 11D) .
We also found a group of ncRNAs located within a 1Mbp region at the mouse chromosome 7 that showed positive co-expression pattern in lens fiber development, including H19, Igf2os and Kcnq1ot1, all within the fiber cell cluster 18 (Fig. 11E) . In human, this region corresponds to an imprinting region located at 11p1.55, which is related to the Beckwith-Wiedemann Syndrome with CDKN1C/p57 mutations (Li et al., 2001) . Interestingly, we found that Cdkn1c mRNA was significantly and negatively correlated with Kcnq1ot1(r = −0.7), Trpm5 (r = −0.92), H19 (r = −0.85), Igf2 (r = −0.93), Igf2os (r = −0.95) (Fig. 11E ) in lens fibers, indicating this methylated region might regulate cell cycle exit in lens development through Cdkn1c (Mancini-Dinardo et al., 2006) . In summary, our study found multiple pairs of positively or negatively co-expressed ncRNAs and their adjacent genes during lens development (Supplementary Tables S7 and S8 ).
Conclusion
In this study, we generated and analyzed comprehensive mouse lens RNA-seq data sets that covered E14.5 to P0.5 stages of nascent lens epithelium and fiber cell differentiation, maturation, and remodeling. We have identified abundant transcripts encoding TFs and various components of the lens translational apparatus and critical signaling. These data are compared to proteomic data in our follow up study. Analysis of the regulatory regions of sDEGs at E14.5 revealed significant enrichments of E2F, Pax6, Ets, Smad, Sox, Sp1, and other TF binding sites in the lens epithelium. Likewise, TF motifs recognized by RAR/ RXR, Sp1, Etv5, Hsf4, N-Myc, and Mafs (c-Maf and MafK) were A. The model of sumoylation pathways in lens development and Sumo1, Sumo3 expression profiles in lens epithelium and fiber development. The red color indicates Sumo1. The blue color indicates epithelium higher expressed genes at E14.5. B. The expression profiles of Sumo2, Sae1, Uba2, Ube2i and Sp1 in lens development. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) discovered in genes consistently higher expressed in fiber. In the future, we will perform experiments to analyze the "open" chromatin regions in E14.5 and P0.5 lens epithelium and fibers to better determine the promoters and distal enhancers of the spatially regulated genes. The present data also serves as valuable resources for more follow up studies, such as gene loss-of-function studies in the mouse lens, and studies of lens formation in other model organisms and humans. 
